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I.loyd’s mirror for MI’1’ tcs[ing of MISR CC1)

H. B. Hochlxrg,  N. I.. Chricn

Jet Propulsion laboratory
4800 flak Grove Drive, Pasadena, CA911 09

ABSTRACT
I)ircct mcasurcmcnt  of CCD MTF using a unique 1.Ioyd’s  mirror fringw projector is dcscribcd.  M’II; n]casuren~cn(s  on
the MIS]< linear (Xl ) arrays have trccn perfonncd as a function of spatial frcqucocy,  wavelength, number of charge
tt-ansfcrs,  radiaiion dosage, and device architecture. ‘lest results arc reported here.
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10 INTRODIJCTION
J1’1 ~s Multi -Angk imaging Spcctro-Radiometer (MISR)  instrument orbiting on the 110S AM 1 platform contains nine
cameras employing linear CCD imaging arrays in the focal plane. The cameras usc the Iincar arrays in pushbroom  mock
to form images of the earth’s sorfacc in four narrow wavclcngtb  hands bctwcc.n 443 nm and 865 nm. Iiach camcm
contains four 1 x 1504 pixel “strings” with a narl-ow band spectral filter in front of each string.

in order to verify analytic models of MiSR CCIJ imaging perforrnancc, and thereby camera systcm  models, a device for
measuring the modulation transfer function (MTF)  of MISR CCIX has been constructed. Of particular interest am
mcasurcmcots of MTF dcpcndcncics on dcvicc type., illumination wavelength, number of transfers, illumination level,
and X-ray radiation dosage. Additionally, wc arc iJltcrestcd in M“l’l; response heforc and after (proton, electron) raciiation
testing to dctcrminc  if the CCDS would meet the end-of-life Ml’l;  performance rcquircmcnt.

This paper will discuss design & pcrfonnancc of the variable spatial frequency fringe projector basccl on a I.loycl’s  mirror
in[crfcromctcr.  Data reduction algorithms dcvclopcd  by N. Chricn and actual MISR CCI) M“I’F test results follow.

2 .  T1l RX)RY

IJI the classical I.loyd’s  mirror intcrfcromctcr,  high visibility COS
2 fringes of constant spatial frequency arc formed when a

I]l{)l]c>chrorl]atic, plane (collimated) wavcfront  is spatially divided in half by a piano mirror ancl the hal vcs am
sLJpcriJnposcd as schcJnatically  showJl below.
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Figure 1. 1.Ioyd’s mirror intcrfcromctcr.

With collimated monochromatic light, fringe spatial frequency v is constant and dcpcndcnt oJl]y  upoJI wavc]cngtb and the
angle at which the two wavcfronts  intcrfcrc  according to:

I)=2L-] sin$

where + is the half-angle between the two wavcfronts  and k is the wavelength
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3. PRACTICX
Note MISR camera MJF performance is spccifkd at the detector Nyquist  frcqucnc.y only. ‘I”hus  the spatial frcqucncics of
interest arc dictated by pixel size and pitch: MISR CCD pixel pitch is 21 pm implying  a Nyquist  frequency DNyq = OIIC-
half cutoff frequency = 0.5 cycle/21 pTn = 23.8 cyclcshnm.

Using a HeNc laser (k = 0.6328 pm), fringes at the MISR CC1> Nyquist  arc formed cm the CCIJ when the half-angle
bctwccn the direct and reflected beams is 7.S3 mrad or 0.432 dcgrccs -- that is, near-normal incidcncc on the CCI), arKl

near-grazing incidcncc on the mirror. I mwcr  spatial frequency fringes arc formed as the half-angk  dccrcascs, requiring
longer mirrors.

In our dcvicc the collimated fringe-forming wavcfront  is approximakd  by means of a pinhole at a Iargc distance from the
intcrfcrcncc  zone pcr the schematic shown in the figure below:

Given: D, k, E, R set: 00

Calculate: H, Z, V, C(W), cx, El j, ~, M, A, B, OPD(W), I, CCD signal

I

H = D

I
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Figure 2.1 Joyd’s  mirror for M’11’  testing of CCIJ: geometry

Rcgarxiing the apprc)ximation to interference bctwccn truly crsllimated/piano wave.fronts: Spherical wavcfronts  of radius =
0.391 m i.e., that spherical wavcfront  emerging from a pinhole at l)= 0.391 m from the CCI>-cncl of the mirror -- can bc
shown to produce a ncgli.giblc variation in fringe spatial frequency (“chirp”) over the aperture: hh = 31X. I’bus,
sufficiently well-collimated (“flat” or piano) wavcfronts arc rcaliT.cd without the aid of a collimator.

I;irst-order parameters of a small-arrglc  I,loyd’s mirror intcrfcromctcr arc calculated including,...

● mirror lcngtl] M rcquirccl to project fringes over an aperture (i.e., (hc CCD) of width W
● Gaussian beam intensity 1 at aperture point W: I(W)
● CC]) signal output prediction (not including charge transfer or diffusion effects)
● spatial frequency ls(W, 7,) in the intcrfcrencc  region
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This last is particularly important as it allows us to treat more simply-formed spherical wavcfronts  of radius Z (c..g.,
from a pinhole) rather than collimated wavcfronts (Z = ~).

4 .  ltX1’ERl hlItNT
The 1,loyd’s mirror fringe projector has been confrgurcd  as a s[and-alone unit compatib]c  with the vutically-oriented
MIS]{ CCIJ test station. Fringe frequency is adjusted by means of a single micrometer which causes mirror tilt about
the knife edge of the mirror. The breadboard unit also includes an adjustable stop to mask both the direct, un-interfered
portion of the wavcfront from reaching the CCD and (c) limit the si?c of the intcrfcrcncc patch on the CC1>. I’inally,  in
order to measure C’1’E effects over the length of the. array, the who]c  assembly transla[cs  up and down in order to
illuminate different subaperlurcs  of the (fixed) CCD array.

l’rojcctcd fringe spatial frequency v is related to micrometer location R an(i excursion F according to the following
calibration relation:

I)=2EA-IR-I+VO

l;or cxamp]c with R = 0.318 m, the calibration factor is 9.955E chnm for 632.8 rrm light and 8.024c. chnm for 785 rrm
light where c. is the micrometer excursion in mm. In 632.8 nm light, an excursion of 2.39 mm scans spatial frcqucncics
from I)C to 23.8 cyclcshnm;  2.97 mm excursion is rc.quircd for 78S nm illumination.

S.  DATA REJ)UCI’ION
‘1’hc  output  of the CCD array in response to the 1.loyd’s rnir[ or illumination is digitimd  to 12 bits for each band or Iinc
array and each pixel. For each spatial frequency for which a mcasurcmcnt  is made, a series of 10 data sets is rccordcd. A
corrcspcmding series of dark frame mcasurcmcnts  arc also part of the data file: a dark frame is the CC1)  response with the
input illumination blocked.

l’hc first step in the data reduction is to subtract the dark frame from the mcasrucd data. I’hc second step is to find the
average and standard deviation over the 10 repetitions and 4 bands for each pixel. ‘l”hc extent of the projcctcd fringe pattcm
in the downtrack  direction is relatively uniform over all four bands (fringe tilt << 1 dcg[c.c). Averaging over bands and
repetitions provides a larger samp]c for our curve fits.

‘1’hc next s(cp in the data reduction is to select the pixels over w}lich the data will bc fit for a determination of the MTF.
‘1’hc ccntcr 129 pixels (ccntcr pixel f 64 pixels) of the illuminated portion c)f the CCIJ arc chosen for (his purpose. I’his
keeps us away from the edges of the illuminated area which arc more likely to bc contaminated by diffraction effects from
the edges of the stop and mirror.
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l~igurc 5. Sample of cenlcr 129 pixels chosen for analysis.

Ikx each spatial frequency, a non-linear least-squares fit was made to the function:

~~~o~fJ1” COS(2”  Z”o.021”  U2” X–fJ3)
where,

x = pixel number, ,$ = data number output by CCD al pixel x, and 0.021 mndpixcl = pixel pitch,
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From (I1c resultant fit pararnctcrs, ai, (he MTF of the CCD output is derived:

}lgurc 6. Expanded view of averaged data with crmr bars denoting i 10 and dashed Iinc rcprcscnting  best tit (o data

Unccrlaintics  of tbc fit paramclcrs, O“ ,, arc used to estimate the relative uncertainty in ~l’~fi,:

(See Figure 6)

I’hc M’I’F c)f the CCD at spatial frequency v is dcfrncd as:

CCIJoul,ul(}’)/M7y’~rojw[edf[inges( ‘ )M7’FC.D(  V) = M7’F

An informal systematic error analysis considering the cffcc[s of mirmr  reflectivity, flatness, polarization, setup geometry
and alignment errors leads us to the conclusion that stray an(i sca(tcrcd light effects limit the ultimate projcctcd fringe
modulation. lo dctc.rminc  an upper bound cm the effect of stray and scattered ligh[, we examine. the characlcr  of the M1’1~
curve as spatial f[equcncy  approaches z,cro. lclcally, M’I’l: appmachcs unily as the spatial frequcnc.y  goes m z,cro. By
extrapolating the rncasurcd  MJ’E’  curve to its value at z.cro spatial frequency, wc may estimate the maximum possible
clcgradation in the measured MIT duc to stray and sca[tcrcd lighl effects. l’his varies from mcasurcmcnt  to n~casurcmcnt.
l;or example, in Figure 7a, the cstirnatcd degradation is -5% at z,cro c/n~Tn spatial frequency.

6 .  RA1)IAT1ON  TEST  RIMUI,lS
‘1’wo series of measurements were taken after the CCII dcviccs undcrwcn[  raciia[ion testing. The flrs( series of
mcasurcmcnts,  listed in I’able 1 in the Appendix, were designed to provide information about M’I’J;  clcpcndcncics on
dcvic,c type, illumination wavclcn~th,  number of transfers, illumination level, and radiation dosage. IJcviccs 1.1 W19#0. O
and 1,1 W 19#/O.. 1 arc of thick-poly t ypc while the remaining dcviccs arc of the thin-po]  y t ypc that is to bc flown on
MISR.

‘J’hc  signal Icvcl reported is the average over all spatial frequency mcawrcmcnts  for the data set. The equivalent rcflcctancc
is based on the assumption that a signal corresponding to 100% equivalent rcflcctancc will produce 720,000 electrons
[80% of a detector fullwcll of 900,000 chxtrons]. ‘1’hc scccmd series of mcasurcmcnts  were taken to better map the
illumination ICVCI  dcpcndcncc of the MI’F seen after exposure to high doses of radiation. I’able 2 lists the corrcspondirrg
equivalent rcflcctancc lCVCIS.  The uncertainty in equivalent rcflcctancc shown in tbc last column of I’ablcs  1 and 2 is
calculated from the uncertainty in the signal lCVCI:
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(a)
}Figure  7. CC] 1 M“l’11’  of un-radiated thin-poly  dcvicc,
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‘1’hc  cstimalcd Ilnccr[ainty  in the fit Mull:, MTFfjt, shown in Fipurc  7b is rcprcsentativc of all the results in that the rcla[ive
unccr[ainty  in the calculated MTF values is typically < 0.1% (crtor bars arc smaller than the plot symbols). I“hc resultant fits
were generally very good (reduced X2 < 1.5) and the unccrlainlics  on lhc fit parameters were small. I’hc main uncertainty in
(I)c measured CCIJ MTF, MTFc[;l), is in the stray light cffcd (M’I’IiProjcctcd  fringes< 1 ) which, as discussed above is
typically 5Y0.

7 .  WAVIH,IINGT}I DItPEN1)lcNCE
A 7S5 mn single longitudinal Inodc laser source (Spindler & Hoycr Model 1 )C 251>) was procured to assess M1’1~
dcpcndcncc at longer wavelengths where charge diffusion is hypothesized to have a larger impact on M’I’F.

‘1’hc 1,Ioyd’s  mirt-or sc[up allows fringes in either 632,8 nm (klcNc) or 785 nm ~. 1 onm to bc projcctcd. Iixpcrimcntal
M’1’F  data collcctcd with t}]c two lasers is shown in Figures 8 and 9:
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Jiigurc 8. CCD MTF post-radiation for dcvicc 1.1 W22?#O_  3 at 632.8 and 785 nm (thin-po]y)
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}’igurc 9. CCII M’1’b’  post-radiation for dcvicc 1,1 W19#/O-  1 at 633 nm ancl 785 nm (thick-poly).

l;rom l’igurcs 8 and 9, we conclude that the NITI’  dcpcndcnm on illumination wavclcnglhs  bctwccn 632.8 nm and 785
nm appears to bc ncgligcablc.

8. SIGNAI. I) EPKNI)ENT  MTF
‘J’hc only thin-po]y  dcvicc which shows a significant M-l’}; dcpcndcncc on mean signal ICVCI  is 1,1 W22#O_3  which has
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rcccivcd all energy levels in the radiation test (I:igurc 12). AI 23.8 chnm, the dctcctcrr  Nyquist  frequency, M’l’l;  falls jusl
below the required 38% when the mean illumination lCVC1 falls to 8% equivalent rcflcctanc.e (Ml. Set 10). If wc assume
that at 23.8 cycles/n~nl, a linear intcrpcrlation is valid bctwccn the 14% ad 8% measured signal ICVCIS,  then the hf”l’l;
rcquircmcnt  of 38% is met for an equivalent rcflcctancc  of 10’70.

l’hc degradation in MI’F seen in Figure 12 is indicative of a reduction in the charge transfer efficiency (CTIi) of the CC1>
with signal lCVCI.  IT) Fi.gurc 12a, wc sec that the degradation in hf’ll: is also affcclcd by the nurnbc.r  of transfers along the
array, which is again indicative of a C’1’E effect. This result is corroborated by post-radiation elcc[ronic Crl’Ii
charactcri 7.at ion tests.

At the 1OWCS(  radiation lCVC1, there is no discernible difference in MT1; with signal kwcl.
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}?igure 11. CCIJ MTII’  post-radiation for device 1,1 W22#O_.7  (1.2 McV) at 632.8 nm.

Atthc  1.2 McVradiation  cncrgylcvcl,  only a slight depcndcnceofM”l’1~  on signal ICVCI  is seen; the rcquircd CCIJ MTF is
still met ovcrthc range of signal levels from ]%to  10070 equivalent reflectance..
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l~igurc 12. CCIJ M’J’F  post-radiation for device 1.1 W22#O_3  al 632.8  nm.

AllaJ]parcll(  illlprovcr[~crlt ir~M’I’l;  of the “ML sets” of -5%is attributed (o a reduction in the stray and scaucrcd light
effects due to a small change in position of a stray light stop in the I.loyd’s mirror set-up.

‘1’hcthick-poly  dcviccs which wcremcasurcd  both show a degradation in low signal Icvcl M’I’F. I’or the thick-poly
devices the only dcviccs measured saw the 5.0 McV energy level and the aggregate of the 0.25 McV, 0.4 McV, 0.7
McV, 1.2 McVand5.0 McVenergylevcls.  The results for the two are quite similar and imply that the 5.0 McV
ra(iiation energy level is the cause of the radiation dcgradatirm witnessed in the CCIJ M1’1~.
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I’igurc 13. CCIJ M’1”1’  post-radiation for dcvicc 1,1 WI 9#O_0  at 632.8 nm with signal level,

11 W19//O.  1 ,  E ncrgy= 5.0 MeV

:[::<‘I[:n

0 . 4  er@ed.MIF. .  .. ~-.. . . + . % . . . . . . . . . . ----

0 1 0 2 0 ’ 3 0 4 0 50

cycles/nlm

}~igurc 14. CCI>M"I"}~ post-radiatic}t~  forclcvice l.l Wl9/lO-l at632.81~ll~  witllsigt~allcvcl.

9. MATIJEMATICAI.  MO1lE1.

Our nla[hcma[ical  mrxlcl for predicting the CCIJ M’J’lz  utilizes cmnponcnt  M’1’1:  equations for carrier diffusion aIKl
cictcctorspa[ial  apctiurc (trapezoid rcs~)nsc fuIlcti(~r])  takcl~frc)]~~  l;lcctro-o/~tic{// }tardw~c/re  ccj~~sider[~~io~1s  in measur ing  the
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imaging  capability of sccmd tintc-dchy-atld-itltcgrote  charge-couideci imcqjvrs 1, “1’hc  cqua[ion  for the CTl; component
M’]’};  is taken from Optical Radiation Detectors 2 .

‘1’hc crosstrack CCD Mq’F is then n~athematically n~ociclcci as:

M“l’FCc,),cross  = MT~a,wr(”r.  “ Mr~~’dla “ MT~c-(,

‘1’hc  crosstrack  CCD M1’F was measurcci and modeled  bccausc it will suffer the mosl due to radialion damage induccLi
C’1’li  cicgradation and the diffusion effects wiil also be more pronocrnccd in this direction. In the downtrack direction there
is oniy onc transfer; in the. crosstrack  direction there wiii bc up to 1512 transfers.

10. MICASIJRED  RRSUI,TS  VRRSUS MODN1,
Significant sirniiaritics and differences between the modci and our experimental mcasurcmcnts were observed:

Considering only the cutoff frequency, wc find good agrccmcnt bctwccn our 1.ioyci’s nlirlor mcasurcmcnts of thick-poly
t ypc CC1)’S and the trapezoidal model: Cutoff frequency is both predicted and measured to bc 47.6 c/n]n~.  I’hc lack of
gcncriiliy  good agreement is attributed to the stray & scatlcrc.d  Iigi]t pmblcms encountered during that early pi~asc of tile
testing program.

As iiiustratcci in Figure 16, larger discrcpancic.s arc seen bet wccn mocicl an(i mc.asurcmcnt  for the tilin poi y CCI)’s that
wi i i bc uscxi in tile fright cameras. Here, we 1 ) measure cutoff frcqucrrcics of -42 c/n]n) instead of 47.6 c/nml; 2)
comnmnsuratcly mduccd modulation at ali frcqucncim bciow the cutoff -- 42% instead of 55% at Nyquist, and 3)
n]aximum mc)dulation at frequencies above cutoff is bigimr than predicted -- 26% instead of 22%.

11, I N F E R R I N G  TIIE  PIXIC1.  SPATIA1. RESPONS1t  FIJNCTION  (1’SRF)
“J”hcsc rcsuJts  lcd us to suspect the validity of the trapezoidal I’SRI: nlodcl. in principic, a Fourier transformation of our
mcasurcci CC1) MTI: mcasurcmcnts  wiil rcvcai the actual JSRl~. However, an accurate, detailed mapping of the I’SRI:
wouid require significantly mcwc higil spatiai frequency M’J’IT  n~casurcmcnts  than were actuaily cc)ilccte.d during the test
program. Nonctbcless, carefully extrapolating the extant rcscrlts  beyond 80 chnm and transfcmning  reveals the interesting
l}S1<l’  sc.cn in I’igurc  17. lnstcad of the 21 pm fiat-topped trapczc)ici  wc scc a 21 pm-wide }’SRI; with peak respcmse al
Iim ccigcs and lowc.rcd sensitivity in the ccntcr of the pixel.

Ccmobc)ration of this unexpected prediction is seen in camcrti lCVCI testing of these cicvicm: l’hat is, after integration
witil tile MiSR optics, camera-level M’J’}r testing is ccmductcd.  Camera M’1’1~ is infcrmd  from I{ouricr transformation of a
camera I’SRI;  mcasurcmcnt which in turn results from slowly scanning an unresolved spot across a given pixel. Scc
}’igurc  below:

cross-track scan

spot position

Sl~owring rneasurernent  of canmra  MrJ’J~

-6  *

‘-2$
h
\

\++++

spatial frequency

I’bcsc tests of course include MTF contributions from [hc optics, hul these effects arc known to bc relatively small
compared to the CCD. Thus, during camera testing, most frccluently  in the rcd and green bancis, wc again scc the I’SRI:
sensitivity ciip, the 42 chnrn  cutoff and t}lc higher modulation seen at frcqucncics  above the cutoff. That these features
have not been seen in the IR band is not well understood.

}Iochbcrg  8
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Ibgu]c 15. CCIJ M’I’J+’  at 632.8 nm, model vs. rmasurcd  thin-poly  (Sc( 8) and thick-rm]y (Set 25).
Figure  16. “Jlin-pcdy  M-IT versus mathematical model prcdic~iori.
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IJig,urc 17. }ixamplc of PSRl~ predicted by I:ouricr  transform,

12, CONCI.USION
‘1’k 1,Ioyd’s  mirror intcromctet-  has proven to bc a useful too] for quantifying CCII MTF imaging performance. Llsc of
this dcvicc rcvcalcd  that (XT) M’J’1~ performance is not accuratc]y prcdictcd by simple. PSI<I~ models.
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Dcviw
Energy 1 me]
1/1 w22#/o-  3

0.2s Nkv,

0.40 Mcv,

0.70 McV,

1.20 MeV,

and 5.0 McV

1.1 W22#O_4

0.25 McV

1.1 w22#/o. 6

0.7 Mc.V

1.1 w22#lo-  7

1.2 McV

1.l.W19#/o- o

0.25, 0.4,

0.7, 1.2,

and 5.0 McV

1,1w19#/o_l

5.0 McV

I’1/3wl#l_12
Not radiated

14. AJ’l%NIIIX

Table 1. F@[-radiation  CCIJ Ml’I; nmasurerncnt  data sets.

G ‘V’]f::c ‘:;~]go ‘ig’’’:::: =:9.J
2 785 nrn, 2%), 1500

3 78511111, 2%, 750

4 7 8 5  nm, 270, 64

5 633 nm, 2%, 64

6 633 run, 2%, 750

7 633 nm, 2%, 1500

8 633 nrn, FW, 1500

9 633 nm, FW, 1500

lC 633 nrn, 2%, 1500

11 785 nm, FW, 1500

12 785 nm, 2%, 1500

17 633 nm, FW, 1500

18 633 nm, 2%,, 1500

19 785 nm, FW, 1500

20 785 nrn, 2%, 1500

21 633 nrn, FW, 1500

22 633 nm, 2%, 1500

23 785 nm, }’W, 1500

24 785 nm, 2%, 1500

25 633 nrn, IIW, 1500

26 633 nm, 2%, 1500

27 785 nrn, FW, 1500

28 785 nm, 2%, 1500

2g 633 mn, FW, 1500

30 633 nrn, 2%, 1500

31 785 am, FW, 1500

32 785 run, 2~~ 1500

i ,0251 1 .s~ 1,554 0 . 2 %  ~ O.oil

2,3211 l.s~ 3 , 5 2 8 O.S%J i O.0%

2,475 1.54 3,76- 4 - - -0.5% f 0.0?4
I.. . 1.. .1

2,7371 1 .5A 4,1611 0.6% f 0.0%

20,8631 27.9~ S82,09~ 80.8% i 0.8~
I I I

16,84 28.5 479,931 66.7% i 1.6%

1-. -- 1 –1
5,3871 1.641 8,8341 1 .2% i 0.0%

1 1 1
20,994 28.8 604,637 84.0% i 1.5cX

3,60‘4 ““ 1.65/ ‘ - 5,95(4 ‘0.8% i 0.0%

19,1901 28.8~ 5<2,&~-  ‘-76.j%-j  j.~~

4,S21“1 ‘-” I1 . 6 5 7,46d 1 .0% f 0.0%

29,828 28.7C 856,058 118.9% i 0.8%

3,71{ 1.64 6,094 – 0.8% + 0.0%

19,597 28.7-d “- -1562,447 78.1% i 3.6%

3,584 ‘1.641” 5,884- 0.8$% ~ O.0~
, , I

17,924 31.9 571,77 79.4% f 1.2%

1 1 I

17,613 32.0 563,605 7 8 . 3 %  3 1.5%

6,613 I
-1 .73] 11,4411 1.6% i 0.0;

8,524 32.04 272,6911  <7.9% 5 1 . 0 %

9,4201 I1.73 ‘ - - - -  / - ” - ”16,29( 2.3% ~ 0.0%

17,887 29.76 532,317 73.9% i 4.0%)
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Table 2. CCIJ MTF as a function of illumination level mcasurcmcnt data SC(S.
I=ticc Avg Signal Gain Signal level Eimlivalcnt 1
I Enc.r’gy Level I sc~ rI)Nl  I [c-/JJN]  I - [c-] I RAXancc I

Em-
1.20 McV, MIS 7,026 28.39 199;44 1 27.7% f 0.8%

and 5.0 McV MI.6 7,179 28.39 203.778 28.3% k 0.4%
166:304 23.1% i 0.4%
136,659 19.070 i 0.3Y[J

L13BE13 ,~479 ~o~=~ ~

9 6 8 6 0 135%+  0 2 %

CCII M’J’F,  post-radiation, maximum transfers
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